Highly enantiomerically enriched γ-and δ-lactams have been prepared by a simple and very efficient procedure that involves the asymmetric transfer hydrogenation of N-(tertbutylsulfinyl)iminoesters followed by desulfinylation of the nitrogen atom and spontaneous cyclization to the desired lactams during the basic work-up procedure. Five-and six-membered ring lactams bearing aromatic, heteroaromatic and aliphatic substituents have been obtained in very high yields and ee's up to > 99%. A slight modification of the procedure also allowed the preparation of ε-lactams in good yields and very high enantioselectivities. Both enantiomers of the final lactams could be prepared with equal efficiency by changing the absolute configuration of the sulfinyl chiral auxiliary.
Introduction
Chiral lactams occupy a remarkable position among the nitrogen heterocycles because they have shown to possess important biological activities and have found interesting applications in medicinal chemistry and pharmacology.
1 Lactams display antitumor activities, 2 operate as inhibitors of a variety of biochemical processes, 3 and act as high performance antibiotics. 4 Enantiomerically pure lactams have also been used as chiral ligands in asymmetric synthesis. 5 For all of these reasons, the synthesis of optically enriched lactams has aroused the interest of several research groups. 6 One of the most direct methods for the asymmetric synthesis of lactams is the cyclization of aminoesters, which can be
Scheme 1. Synthetic Plan for the Preparation of Chiral Lactams 4
The starting point of our proposed synthetic route are ketoesters 1 (Scheme 1). Therefore, our first goal was the preparation of those starting materials. Chart 1 shows all the ketoesters that we have used.
Some of them (1a, 1b, 1e and 1g) were commercially available. Compounds 1d, 1f and 1h-1k were easily prepared in 85-93% overall yields by iron-catalyzed addition of the corresponding Grignard reagents to succinic or glutaric anhydride (Scheme 2; n = 1 or 2, respectively), 17 followed by standard esterification of the crude ketoacids. Compounds 1c and 1l were prepared in 97 and 98% yield, respectively, from the corresponding commercially available ketoacids as indicated in Scheme 2. Next, the required iminoesters were prepared by reaction of ketoesters 1 with either (R)-or (S)-2-methylpropane-2-sulfinamide in the presence of titanium tetraethoxide under neat conditions (Scheme 3), according to a procedure recently reported by us. 18 Thus, the expected enantiomerically pure N-(tertbutylsulfinyl)iminoesters with (R) (compounds 2) or (S) (compounds ent-2) absolute configuration were isolated in good yields after column chromatography. [ent-2b (77%)] 2c: R = 4-ClC 6 H 4 (63%)
[ent-2c (60%)]
a In brackets, isolated yield after column chromatography (silica gel, hexane/ethyl acetate) based on the starting ketoester 1. All isolated compounds 2 and ent-2 were ≥ 95% pure (300 MHz 1 H NMR).
Once we had prepared the desired sulfinyl iminoesters, we tried to reduce them using our ATH protocol. Iminoester 2a was chosen as a model substrate and our optimized conditions for the reduction of N-(tert-butylsulfinyl)ketimines 14c,d were tried for its reduction. Gratifyingly, the hydrogen transfer to compound 2a from isopropyl alcohol catalyzed by a ruthenium complex bearing the achiral ligand 2-amino-2-methylpropan-1-ol led to a selective reduction of the imine functionality in a short reaction time (2 h). No evidence for a possible reduction of the ester moiety could be observed in the 1 H NMR spectrum of the reaction mixture. The crude protected aminoester was treated with a solution of HCl in MeOH in order to remove the sulfinyl group from the nitrogen atom. After performing a basic extraction process, lactam 4a was obtained as the only reaction product in 93% yield (Scheme 4). Thus, the initially formed deprotected aminoester spontaneously cyclizes during the basic work-up procedure through an intramolecular nucleophilic substitution reaction on the ester functionality by the free amino group. 19 Therefore, a separate cyclization step was not needed. Noteworthy, the obtained lactam 4a was pure according to the 1 H NMR spectrum, making any purification process unnecessary. Analysis of 4a
by HPLC gave a 96% ee, the (R) enantiomer being the major one.
Next, we studied the reaction scope by applying the same protocol to the other γ-iminoesters 2b-2f.
The corresponding lactams 4b-4f were also obtained in very high yields and enantioselectivities (Scheme 4). The procedure worked with equal efficiency for the synthesis of γ-lactams bearing R groups which could be aromatic [substituted with either electron-releasing (4b) or electron-withdrawing groups (4c)] or aliphatic (4d-4f). When our ATH procedure was applied to the reduction of the aliphatic iminoesters 2d-2f, the catalyst loading had to be increased, as previously described by us. Encouraged by the good results obtained, we tried to extend our methodology to the preparation of δ-and ε-lactams from the corresponding N-(tert-butylsulfinyl)iminoesters 2g-2l (Scheme 3). We were delighted to see that δ-lactams bearing several aromatic (4g-4i) and heteroaromatic (4j) substituents were also obtained in pure form in excellent yields and enantiomeric excesses (Scheme 4). Noteworthy, a highly optically enriched (ee > 99%) aliphatic δ-lactam 4k could also be prepared in 95% yield. attempted using the same procedure, the corresponding free aminoester was isolated after the final basic extraction process instead of the expected lactam. Fortunately, the desired ε-lactam 4l could be prepared in good yield and excellent enantiomeric excess by a slight modification of the experimental procedure:
when the desulfinylation of the ATH product was complete, a freshly prepared solution of MeONa in MeOH was added and the mixture was stirred overnight. Thus, this modified procedure allowed us to extend the substrate scope to ε-iminoesters.
Our methodology is equally efficient for the synthesis of both enantiomers of the final lactams. As expected, when imino esters ent-2, bearing the (S)-N-(tert-butylsulfinyl) chiral auxiliary, were used as substrates, the (S)-lactams ent-4 were obtained with yields and enantiomeric excesses which are almost identical to the ones observed in the corresponding (R)-lactams 4 (compare the corresponding enantiomeric products in Scheme 4).
Conclusion
We have presented here a simple, versatile and very effective procedure for the synthesis of highly optically enriched γ-, δ-and ε-lactams by application of our ATH protocol to the highly diastereoselective reduction of N-(tert-butylsulfinyl)iminoesters. The fact that chiral lactams bearing aromatic, heteroaromatic or aliphatic substituents can be prepared in similar and very high yields and enantiomeric excesses is a remarkable feature of our methodology. The absolute configuration of the final lactam can be tuned up simply by choosing the proper configuration on the sulfur atom of the sulfinyl moiety of the iminoester. To the best of our knowledge, the preparation of chiral lactams through metal-catalyzed ATH processes had not been described so far.
Experimental Section

General Information
All glassware was dried in an oven at 100 ºC and cooled to room temperature under argon before use.
All reactions were carried out under an argon atmosphere. Ketoesters 1a, 1b, 1e and 1g, (R)-and (S)-tBuSONH 2 , Ti(OEt) 4 (33% TiO 2 min), [RuCl 2 (p-cymene)] 2 , 2-amino-2-methylpropan-1-ol and all the starting materials needed for the synthesis of ketoesters 1c, 1d, 1f, and 1h-1l were commercially available and were used as received. t-BuOK was heated in a Kugel-Rohr distillation apparatus at 170-180 °C under vacuum for 4 h before use. Commercially available 4 Å molecular sieves were dried in a Kugel-Rohr distillation apparatus at 120 ºC under vacuum for 5h before use. Commercially available anhydrous isopropyl alcohol was used as solvent in all the transfer hydrogenation reactions. Column chromatography was performed with silica gel 60 of 230-400 mesh. Thin layer chromatography (TLC) was performed on precoated silica gel plates; detection was done by UV 254 light and staining with phosphomolybdic acid (solution of 1 g of phosphomolybdic acid in 24 mL of absolute ethanol); R f values are given under these conditions. Melting points (mp) are uncorrected. Unless otherwise stated, NMR samples were prepared using CDCl 3 as solvent. The internal references used for NMR spectra were tetramethylsilane (TMS) for 1 H NMR and CDCl 3 for 13 C NMR; chemical shifts are given in δ (ppm) and coupling constants (J) in Hz. 13 C NMR assignments were made on the basis of DEPT experiments. Infrared (FT-IR) spectra were obtained on a spectrophotometer equipped with an attenuated total reflectance (ATR) accessory. Mass spectra (EI) were obtained at 70 eV; fragment ions in m/z with relative intensities (%) in parenthesis are given. HRMS were measured with electron impact (EI) ionization at 70 eV and a double focusing mass analyzer (magnetic and electric fields). Optical rotation measurements and HPLC analyses were performed at 20 ºC.
Synthesis of Ketoesters 1c, 1d, 1f, and 1h-1l. General Procedure
A round-bottomed flask was charged with succinic anhydride (for compounds 1d and 1f) or glutaric anhydride (for compounds 1h-1k) (10.0 mmol), Fe(acac) 3 (106 mg, 0.3 mmol) and anhydrous THF (12 mL) and it was cooled down to 0 ºC. A solution of the corresponding Grignard reagentwas added over a period of 45 minutes with the aid of a syringe pump and the reaction was stirred overnight at the same temperature. Then, the mixture was acidified with a 2 M aqueous HCl solution (40 mL) and extracted with Et 2 O (3 × 20 mL). The combined organic phases were extracted with a 1 M aqueous NaOH solution (3 × 15 mL), discarding the organic layer. The combined aqueous basic phases were acidified with a 2 M aqueous HCl solution in order to obtain a pH around 1, and this mixture was extracted with Et 2 O (3 × 20 mL). The combined organic phases were dried (Na 2 SO 4 ). After filtration and evaporation of the solvent, the expected ketoacids were obtained, which were used in the next step without purification.
The obtained ketoacid (7.0 mmol) was dissolved in EtOH (40 mL), concentrated H 2 SO 4 (1.1 mL, 21.0 mmol) was added at room temperature and then, the reaction mixture was refluxed overnight. After evaporation of the solvent, H 2 O (10 mL) was added and the mixture was neutralized with a 2 M aqueous NaOH solution and extracted with Et 2 O (3 × 15 mL). The combined organic phases were dried (Na 2 SO 4 ). After filtration and evaporation of the solvent, the expected ketoesters 1d (1.249 g, 90%), 1f
(1.121 g, 93%), 1h (1.559 g, 89%), 1i (1.665 g, 88%), 1j (1.457 g, 92%) and 1k (1.108 g, 85%) were obtained in pure form. The same esterification procedure was also used for the preparation of ketoesters 1c (1.634 g, 97%) and 1l (1.607 g, 98%) from the corresponding commercially available ketoacids. 19.5, 33.3, 37.5, 60.3, 123.7, 126.7, 127.7, 128.4, 129.5, 129.6, 132.4, 134.1, 135.5, 172.9, 199.3 
Synthesis of Iminoesters 2 and ent-2. General Procedure
N-(tert-Butylsulfinyl)iminoesters 2 and ent-2 were prepared by reaction of (R)-2-methylpropane-2-sulfinamide (for 2) or (S)-2-methylpropane-2-sulfinamide (for ent-2) with the corresponding ketoester according to our recently reported procedure, 18 as follows: the mixture of ketoester 1 (5.0 mmol), (R)-or (S)-t-BuSONH 2 (612 mg, 5.0 mmol) and Ti(OEt) 4 (2.1 mL, 10.0 mmol) was stirred overnight under argon at 72 ºC (oil bath temperature). After cooling to room temperature, the mixture was diluted with ethyl acetate (10 mL) and poured into brine (3 mL) while rapidly stirring. The resulting suspension was filtered through a plug of celite and the filter cake was washed with ethyl acetate. After evaporation of the solvent, the resulting residue was purified by column chromatography (silica gel, hexane/ethyl acetate), to give the expected products 2 and ent-2 in the yields indicated in Scheme 3. The corresponding physical, spectroscopic and analytical data for the obtained iminoesters follow. 8, 22.0, 22.3, 25.5, 25.86, 25.91, 29.4, 30.3, 30.6, 30.7, 31.1, 31.5, 31.9, 45.9, 50.3, 55.9, 56.8, 60.4, 60.3, 171.9, 172.9, 188.7, 189.9 22.0, 22.4, 25.6, 25.8, 29.3, 29.7, 30.2, 30.5, 30.7, 32.1, 45.5, 49.6, 56.0, 56.9, 60.4, 60.8, 172.0, 172.9, 188.7, 190.7; m/z (DIP) 20.1, 20.3, 22.3, 22.7, 33.9, 34.0, 39.1, 56.7, 60.3, 172.8, 190.8; m/z (DIP) 22.7, 25.0, 28.1, 32.1, 33.8, 57.5, 60.3, 127.4, 128.6, 131.5, 137.7, 173.3, 179. The crude mixture of the transfer hydrogenation reaction was dissolved in a 2 M solution of HCl in methanol (7 mL; prepared by dropwise addition of SOCl 2 to methanol at 0 ºC) and stirred overnight at room temperature. Then, the solvent was evaporated, a 2 M aqueous HCl solution (10 mL) was added and the mixture was extracted with ethyl acetate (3 × 10 mL). The organic layers were discarded. The aqueous layer was basified with a buffer solution of NH 3 (2 M) / NH 4 Cl (2 M) (10 mL) and a 2 M aqueous NaOH solution to ensure pH > 11. After ca. 10 minutes, the mixture was extracted with CH 2 Cl 2 (3 × 10 mL). The combined organic phases were dried (Na 2 SO 4 ). After filtration and evaporation of the solvent, pure γ-and δ-lactams 4a-4k and (ent-4a)-(ent-4k) were obtained in the yields indicated in Scheme 4. The ee values were determined by HPLC using a chiral column (see the Supporting
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Ethyl 4-[(R)-tert-butylsulfinylimino]-
Information for details 19.5, 31.3, 31.9, 57.7, 124.0, 124.8, 126.1, 126.5, 127.6, 127.8, 128.7, 132.9, 133.2, 139.8, 172.4 The crude mixture of the transfer hydrogenation of iminoester 2l or ent-2l was dissolved in dry MeOH (2 mL) and a 2 M solution of HCl in Et 2 O (9 mL, 18 mmol) was added dropwise at 0 ºC. The reaction was stirred overnight at room temperature. Then, a 1.5 M solution of MeONa in MeOH [freshly prepared by adding carefully sodium (690 mg, 30 mmol) to MeOH (20 mL) in an open flask at room temperature] was added at 0 ºC and the reaction was stirred overnight at room temperature. Then, solvents were evaporated, a 0.5 M aqueous NaOH solution (10 mL) was added and the mixture was extracted with Et 2 O (3 × 10 mL). The combined organic phases were dried (Na 2 SO 4 ). After filtration and evaporation of the solvent, the residue was purified by column chromatography (silica gel, hexane/ethyl acetate) to afford ε-lactams 4l and ent-4l in the yields indicated in Scheme 4. The ee values were determined by HPLC using a ChiralCel OD-H column (see the Supporting Information for details). The corresponding physical and spectroscopic data for compounds 4l and ent-4l follow.
(R)-7-phenylazepan-2-one (4l): 33 
